This study deals with surface integrity expressed in terms of stress state as well as microstructure alterations after turning a duplex stainless steel. Residual stresses and the presence of strain-induced martensite are studied as functions of the rake angle. Residual stresses of surface and sub-surface layers were determined by the use of the X-ray diffraction and hole-drilling techniques. X-ray diffraction enables us to distinguish between residual stresses in each phase separately, which is not possible when the hole-drilling method is applied. Furthermore, alterations in the near surface region are also analysed by the use of the magnetic Barkhausen noise and metallographic observation.
Introduction
Duplex stainless steels consist of nearly equal amounts of austenite and ferrite phases. They have an attractive combination of very good corrosion and/or abrasion resistance and high mechanical strength. As regards the fatigue of duplex stainless steels, the cyclic deformation concentrates on the softer phase [1, 2] . Which phase is softer depends on nitrogen content, heat treatment, etc. In the high-cycle fatigue regime, the austenite phase undergoes a higher amount of plastic deformation, and it contains tensile stresses and consequently yields easily [3] . On the other hand, the initial residual stresses relax rapidly during the low-cycle fatigue regime and both phases have been shown to deform more [4, 5] .
Austenite contains a face centred cubic (fcc) lattice with a close-packing structure of atoms and the primary slip system {111} <110>. The number of slip systems is 12, which is an amount sufficient for plastic deformation. By intersecting these dislocations, the so called stair-rod dislocations can form. For further moving the stair-rod dislocations, which have small stacking fault energy, it is necessary to have a large amount of energy for intersection or cross slip of these dislocations. Therefore, austenite steels are susceptible to work hardening, which causes mechanical modification and inhomogeneity on the machined surface. The second type of deformation of high alloyed austenite steels takes place via twins. On the other hand, the ferrite crystallizes in a body centred cubic lattice (bcc). The slip direction in bcc materials is always <111>. Since in the bcc lattice there is no close-packing structure of atoms, more slip planes appear during the deformation, mostly planes {110} and {211}. Bcc materials generally have higher stacking fault energy. Therefore, lower energies of dislocations are needed to realize these transverse slips. Bcc materials are stronger due to a higher number of slip systems in the strain field of forest dislocations [6] .
Components made of duplex stainless steels are very often produced using machining cycles. However, specific mechanical, thermal and other properties cause difficulties during machining. Duplex stainless steels have a relatively low thermal conductivity (approx. 16 W.m -1 .K -1 ) [7] , which leads to insufficient heat distribution into chip and workpiece and excessive heat accumulation in the cutting zone. This heat generation can result in microstructural changes, local changes of chemical composition, surface discoloration or can induce undesirable tensile residual stresses (RSs). Krolczyk and Legutko [8] reported that after turning the surface of a duplex stainless steel is characterized by the preferential orientation of a periodically iterated surface structure. Machining cycles should be optimised with respect to energy consumption, tool wear or surface integrity. Such aspects as tool geometry or/and cutting conditions should be carefully considered to minimize the negative effect of cutting especially when components with high demands on their functionality are produced [9] . It should be considered that any changes of the microstructure as well as RSs initiated during production could affect to some extent the bulk properties as well as the near surface (and subsurface) regions [10] [11] [12] . Furthermore, the quality of components during production could randomly vary under constant conditions. That being so, unacceptable components could be employed in real applications, which in turn can result in early crack initiation and premature failures. Therefore, it would be beneficial to implement reliable techniques to monitor the surface state after the final phase of production.
The analysis of polycrystalline materials by applying X-ray diffraction (XRD) methods is suitable for gaining information about the state of RSs and microstructure of both surface and subsurface layers. Using the XRD method, RSs can be determined for both phases separately [11] . On the other hand, other methods, such as hole-drilling, determine the RS gradient from the total relieved deformation of the material after the disruption of the RS balance. Sometimes the gradient of RSs is a more important indicator of machined components than the surface RSs, i.e. the surface compressive RSs do not mean the compressive RSs in the subsurface layers [11] . For this reason, it is very important to investigate the RS gradient.
The strain-induced martensite transformation can be caused by a sufficiently high rate of plastic deformation of surface layers and also by thermal instability of austenite [12, 13] . Martensite is harder and more brittle in comparison with austenite, which in turn can negatively affect the functionality of components.
The Rietveld refinement method is based on a comparison of a measured and a calculated diffraction pattern, which could be used to describe many aspects of the material's structure (such as phase composition, crystallite sizes and microstrains). In order to compare the quality of the approximation, the weighted profile factor ( factor) is commonly used. The main contributions to the calculated intensity are given in the relationship:
where , , , , , 2Θ − 2Θ , , , , , represent phase quantities, Lorentz-Polarization factor, structure factor, crystallite size and microstrain, residual stresses (and cell parameters), texture, film thickness and background, respectively [14] . The width and shape of a diffraction peak contribute to the broadening arising from the sample. The broadening consists of microstrain broadening and crystallite size broadening. Both effects vary as a function of 2Θ, but in different ways. This allows us to distinguish between them. Quite a long inspection time, high cost equipment and demand for highly skilled staff could be found as disadvantages of the XRD technique. Furthermore, a destructive method has to be used for RS gradient investigation. For this reason, the magnetic Barkhausen noise (MBN) technique could be alternatively employed. This is a non-destructive technique based on irreversible and discontinuous Bloch Walls (BWs). BWs are pinned in their positions despite the external magnetic field of different direction. As soon as the magnetic field attains the critical threshold, abrupt motions of the BWs occur in the form of Barkhausen jumps. These jumps produce electromagnetic pulses, which can be easily detected on the free surface. The MBN technique is very fast and non-destructive. On the other hand, this technique can be applied only to ferromagnetic bodies. The MBN is sensitive to RSs as well as the microstructure. BWs interfere with lattice defects, whereas RSs affect mainly the BW alignment [15] [16] [17] . Therefore, the MBN is potentially a promising technique for monitoring the surface state of a duplex stainless steel.
It should be reported that the MBN technique has been already employed for the investigation of duplex stainless steels. Lindgren [18] applied the MBN technique during the fatigue test of 2507 duplex stainless steel. He found that the MBN had a linear relationship with the nominal stress after the fatigue testing. Normando [19] applied the MBN for analysing the sigma phase (Fe-Cr) in duplex stainless steels during heat treatment and welding. Mészáros [20] studied the microstructure of duplex stainless steels after different regimes of heat treatment by using the MBN. Lindgren [21] reported about the relationship between RSs and MBN in duplex stainless steels. It is worth mentioning that the MBN signal from a duplex stainless steel originates only from the ferrite phase since the austenite phase is not ferromagnetic.
The implementation of non-destructive techniques in real industrial applications requires carrying out a study in which non-destructive signals are correlated with the real surface integrity expressed in many terms and investigated through conventional destructive analyses. Consequently, this study investigates the influence of the rake angle on RSs, the microstructure and corresponding MBN signal.
Experimental part
The tested tube-shaped samples of 100/86 mm in diameter were made of AISI 2205 duplex stainless steel. The samples were annealed in an air laboratory furnace for 5 hours at 420°C in order to reduce bulk macroscopic RSs. The samples were turned with inserts made of cementite carbides of variable rake angles (−6°; −2°; +7° and +12°). Other conditions: tool holder DCLNR/L with a lead angle of 95° (negative rhombic inserts), tip radius 0.4 mm, cutting speed 140 m/min, cutting depth 2 mm and feed 0.14 mm When machining each tube segment, a new cutting tool was always employed so as to eliminate the effect of tool wear. The feed direction was parallel to the axis of the sample (tube) A and perpendicular to the tangential direction T. The tangential direction corresponds with the direction of the cutting speed.
The X'Pert PRO MPD diffractometer was used to measure lattice deformations in the austenite and the ferrite phase using the MnKα and the CrKα radiation, respectively. The average effective penetration depth of the X-ray radiation was approx. 4 µm and 6 µm in the ferrite and the austenite phase, respectively. Diffraction angles 2θ hkl were determined from the peaks of the diffraction lines Kα 1 of the planes {311} and {211} of austenite and ferrite, respectively. Diffraction lines Kα 1 were fitted by the Pearson VII function and the Rachinger's method was used for the separation of the diffraction lines Kα 1 and Kα 2 . To determine RSs, the Winholtz & Cohen method [22] and X-ray elastic constants ½s 2 = 7.18 TPa were used for the austenite and the ferrite phase, respectively. In order to analyse the stress gradients beneath the samples surface, layers of material were gradually removed by electro-chemical polishing in the centre of the sample.
The phase composition of the surface layers was investigated by using the X'Pert PRO MPD diffractometer in the grazing incidence diffraction geometry (GID). The measurements were performed with two constant incidence angles of 1.5° and 2.5°, which correspond to the effective penetration depth of 0.3 and 0.5 µm, respectively.
The hole-drilling method was performed by using a sintered carbide milling drill of 1.8 mm in diameter (holes depth 2 mm). The detection of the released deformations was carried out by three rectangular tensometric rosettes. RSs were calculated by using macroscopic elastic constants: Young's modulus 200 GPa and Poisson's ratio 0.3.
The MBN was measured by the use of the RollScan 350 apparatus and analysed by the µScan 500 software (sine shape, magnetizing voltage 7 V, magnetizing frequency 125 Hz, sensor type S1-18-12-01, and MBN pulses in the range from 10 to 1000 kHz). MBN values were obtained by averaging ten MBN bursts (five magnetising cycles). The MBN refers to the rms (effective) value of the signal.
To obtain optical microscopy images, a radial cut of each sample was made. The electrolytic etching of the investigated surfaces was carried out with 10% oxalic acid. Images were obtained by inclined illumination with 250× magnification.
The Vickers microhardness was analysed by using the microhardness tester FutureTech FM 100 based on ČSN EN ISO 6507-1. The tip was loaded with 0.1 kg. Fig. 1 shows the influence of the rake angle on the surface macroscopic RSs σ A , σ T . These RSs were obtained by averaging three measurements on the same surface machined with a certain insert rake angle. Generally, the increasing rake angle reduces the cutting force as well as the temperature in the cutting zone. For this reason, it was expected that the amplitude of the surface RS should decrease along with an increase in the rake angle. However, Fig. 1 clearly shows that the RSs in the tangential direction decrease only in the case of the first two rake angles followed by a remarkable increase afterwards. On the other hand, the RSs in the axial direction remain less affected and the influence of the rake angle is only minor. Fig. 1 also shows that the amplitude of the RSs of the austenite phase is more than 2 times higher than the amplitude of the RSs of the ferrite phase (such a statement is valid for both directions).
Results and discussion

Surface residual stresses
The different ranges of RSs of the austenite and the ferrite phases result from the different yield strength ratio Rm/Rp 0.2 . The yield strength ratio for austenite steel is approx. 2.5, which is a typical value for the plastic phase. On the other hand, the ferrite steel yield strength ratio is less than 1.25, which is a typical value for the elastic phase [23] . The different response of the phases to the exerted mechanical and thermal load results in different states of the RSs. Consequently, the processes associated with the plastic deformation (especially dislocation motion and dislocation density) are more developed in the austenite phase, which in turn produces higher RSs. Furthermore, it is possible to presume that the evolution of RSs along with the side rake angle is not the same in both phases because their mutual interference takes place during the plastic deformation at elevated temperatures, see Fig. 1 . a) austenite phase b) ferrite phase A -rake angle +12°
T -rake angle -6°
T -rake angle +12°T
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Surface Integrity after Turning a Duplex L. Beránek, K. Trojan, J. Němeček, N. Ganev, Stainless Steel with Respect to Tool Geometry J. Kyncl, P. Mikeš σ bulk ≈ (σ ferrite + σ austenite )/2. In the tangential direction of both rake angles, a good match with the hole-drilling method can be seen. However, in the case of the axial direction, the sum of the RSs of both phases does not match the RSs from the hole-drilling method. This difference is most likely due to the texture of the material or the mass of the ferrite phase, which is not exactly 50%. However, the hole-drilling method is based on the deformation of the measured material as a whole (therefore σ bulk ≈ σ hole-drill ≈ 0 [13] ). 
Crystallite size, microdeformation and microhardness depth profiles
A part of the undeformed layer in the cutting zone does not produce chips but goes under the cutting edge due to the cutting edge radius. The machined surface is exposed to severe plastic deformation at elevated temperatures. Such a process initiates remarkable changes not only considering RSs but also the microstructure expressed in many terms. Fig. 5 illustrates that the crystallite size D (extracted from the XRD records) becomes much finer in the near surface region, increases rapidly in the subsurface layers and saturates early in the deeper layers. The saturated values correspond with the crystallite size of the bulk phases. Fig.  5 clearly shows that the bulk crystallite size of the austenite phase is approx. 70 nm, whereas the ferrite phase crystallite size is approx. 90 nm. Furthermore, the crystallite size on the free Typical dislocation hardening of the austenite phase results in higher dislocation density (comparing to the ferrite phase), which in turn corresponds with the lower crystallite size D of the austenite phase. This aspect also affects the calculated microdeformations as those illustrated in Fig. 6 . The different degree of plastic deformation also remarkably contributes to the differences in microdeformation e. Both the rake angle and the direction of measurement have nearly no influence on the measured e. The depth profiles of e and D coincide with RS profiles and confirm that the intensity of the plastic deformation at elevated temperature is very high in the near surface region and rapidly decreases with an increase in the distance from the free surface. Microhardness profiles, see Fig. 7 , coincide with the profiles of D and e in which a steep increase (respective decrease) can be found within the 0.1 mm thin surface layer followed by saturation in deeper regions. Furthermore, the rake angle has no influence on the microhardness profile. However, the thickness of the altered near surface region in which more remarkable differences in microhardness are assumed is quite low and the applied technique is more sensitive to the changes in deeper subsurface regions. 3.4 Strain-induced martensite determination and MBN measurements Fig. 8 shows micrographs of the machined surface in which the ferrite phase appears dark whereas the austenite phase is light. This figure also clearly shows that the turning process initiates the strain-martensite transformation, which appears blue in the near surface region. Fig. 8 also shows that an increase in the rake angle results in a lower volume of the strain-induced martensite. Moreover, the surfaces produced with the inserts at a negative rake angle also exhibit a thin austenite layer in the near surface region. The tool rake geometry affects mainly the chip separation process. However, the processes ahead the cutting edge remarkably contribute to energy consumption (expressed for instance in cutting force components) and the corresponding temperature in the cutting zone. Therefore, the stress and temperature distribution and the corresponding heat dissipation affect also the machined surface. As it was mentioned above, a decrease in the rake angle contributes to a higher consumption of energy in the cutting process, which energy is almost exclusively transformed to heat. Therefore, the higher volume of the strain-induced martensite in the case of negative rake angles results from more intensive severe plastic deformation at elevated temperatures in the tool flank -machined surface interface. Fig. 9 illustrates the evolution of the MBN versus rake angle. It is worth mentioning that the evolution of the MBN along the rake angle strongly correlates with the evolution of RS versus rake angle of the ferrite phase since the austenite phase does not contribute to the MBN as a non-ferromagnetic phase. Fig. 9 clearly demonstrates that the axial direction is not sensitive against the transformation initiated in the machined surface whereas a higher MBN in the tangential direction can be found for the rake angles of +12° and -6°. A comparison of Fig. 9 and Fig. 1b shows that the RS of the ferrite phase strongly correlates with the MBN (see Fig. 10 ). However, it should be also mentioned that the MBN is usually driven by a synergistic effect of RS and microstructure. Fig. 11 illustrates that the shape of the MBN envelopes is modified (comparing bulk and machined surfaces). The bulk structure emits a remarkable single peak at the position of 0.5 kA.m -1 . On the other hand, all machined surfaces exhibit a decreased main peak originating from deeper untouched regions and higher values of MBN envelopes for a higher magnetic field in the range approx. from 1 to 5 kA.m -1 (see Fig. 11 ). It is assumed that higher values of the MBN envelope in this range of magnetic fields result from the transformation of the original ferrite-austenite matrix to the straininduced martensite (as a ferromagnetic phase).
It should be mentioned that the strain-induced martensite is a phase produced by a synergistic effect of severe plastic deformation at an elevated temperature, thus containing a higher dislocation density and a higher mechanical hardness (it can be proved by a higher microhardness in the subsurface regions as it is depicted in Fig. 7 -microhardness of the near surface region as the blue region in Fig. 8 cannot be directly measured by the use of this technique due to its low thickness). Higher mechanical hardness of a body usually corresponds with its higher magnetic hardness. Therefore, the presence of the strain-induced martensite can be detected in the region of higher magnetic fields, see Fig. 11 . Fig. 11 also shows that the profile of the MBN envelopes (especially in the range of magnetic fields 1-5 kA.m -1 ) corresponds with the MBN values in the tangential direction indicated in Fig. 9 . The machined surface after turning represents usually a preferentially oriented matrix in the direction of the cutting speed (tangential direction) at the expense of the perpendicular feed direction (axial direction). Therefore, MBN values and the corresponding MBN envelopes exhibit poor sensitivity against transformation initiated by turning, see Fig. 9 and Fig. 12 . In comparison to the bulk MBN emission (Fig. 12 ) the surface strain hardening decreases the height of the MBN peaks of the machined surface and shifts them gently to the higher magnetic field. The last aspect of the MBN evolution against the rake angle with respect to the microstructure transformations should be discussed. One might expect, that the trend MBN versus rake angle (Fig. 9 ) should be increasing due to an increase in the volume of the straininduced martensite. However, as it was mentioned above, the negative rake angles also produce a thin austenite layer, except for the strain-induced martensite. The conventional XRD technique using the Bragg-Brentano geometry is not capable of distinguishing among samples produced with inserts at a variable rake angle and clearly indicate changes of the ferrite/austenite phase ratios since the thickness of the near surface region altered by the cutting process is much lower than the XRD penetration depth. That being so, the information obtained from the thin affected (blue) layer is shadowed by the contribution of deeper layers less affected within the XRD penetration depth. For this reason, the GID XRD technique was employed in which the average penetration depth is only 0.3-0.5 m. Fig. 13 illustrates the evolution of the ferrite volume in comparison with the rake angle. It can be reported that the volume of ferrite of all samples is much higher than that of the bulk. This volume is 59.2% in the case of the rake angle of +12° and there is an increase of 67.7% in the case of the rake angle of +7° followed by certain decrease in the case of the negative rake angles. Fig. 8 indicates that the volume strain-induced martensite increases along with the decreasing rake angle. However, the negative rake angles also produce a thin near surface austenite layer. Therefore, the indicated decreasing volume of ferrite in the case of negative rake angles is driven by the compensation effect of the initiated secondary austenite. 
Conclusion
The present study shows that inserts at different rake angles produce a machined surface of variable surface integrity expressed in many terms. The rake angle affects mainly RSs in the cutting direction and different RSs can be found for the ferrite and the austenite phase. RSs determined by the hole-drilling method are approx. the average of the RSs determined by the XRD of the ferrite and the austenite phase, separately. The differences in the crystallite size and microdeformation between the ferrite and the austenite phase indicate more developed processes of plastic deformation of the austenite phase due to more variable slip systems. The intensity of the strain-induced microstructure transformation decreases along with an increase in the rake angle (Fig. 13) . The MBN and the corresponding MBN envelopes are sensitive to both the RS and the microstructure. It is well known that resistance to fatigue (especially when resistance to corrosion or/and abrasion is superimposed) of a duplex stainless steel is driven by the boundary between phases. Negative rake angles initiate not only the strain-induced martensite but also the straininduced austenite phase, which in turn contributes to higher microdeformation on the phases boundaries. The strain-induced alterations in the near surface region initiated by the turning process are less developed in the case of positive rake angles. However, a higher RS in the case of the rake angle of +12° for the ferrite phase (see Fig. 1b ) favours an insert to be applied for turning cycles at the rake angle of +7°.
It was found that the tangential direction of the MBN measurement is more sensitive to the alterations of the surface after turning than the axial direction. The MBN emission originated from the strain-induced martensite affects the profile of the MBN envelope especially at a higher magnetic field.
